We typed 165 Candida albicans isolates from 44 different sources by multilocus sequence typing (MLST) and ABC typing of rRNA genes and determined their homozygosity or heterozygosity at the mating-type-like locus (MTL). The isolates represented pairs or larger sets from individual sources, which allowed the determination of strain diversity within patients. A comparison of replicate sequence data determined a reproducibility threshold for regarding isolates as MLST indistinguishable. For 36 isolate sets, MLST and ABC typing showed indistinguishable or highly related strain types among isolates from different sites or from the same site at different times from each patient. This observation included 11 sets with at least one isolate from a blood culture and a nonsterile site from the same patient. For one patient, strain replacement was evidenced in the form of two sets of isolates from different hospital admissions where the strain types within each set were nearly identical but where the two sets differed both by MLST and ABC typing. MLST therefore confirms the existing view of C. albicans strain carriage. Microvariation, evidenced as small differences between MLST types, resulted in most instances from a loss of heterozygosity at one or more of the sequenced loci. Among isolate sets that showed major strain type differences, some isolates could be excluded as likely examples of handling errors during storage. However, for a minority of isolates, intermittent differences in ABC type for tightly clustered MLST types and intermittent appearances of MTL homozygosity lead us to propose that some C. albicans isolates, or all isolates under yet-to-be-determined conditions, maintain a high level of genetic diversity by mechanisms such as recombination, gene conversion, or chromosomal ploidy change.
We typed 165 Candida albicans isolates from 44 different sources by multilocus sequence typing (MLST) and ABC typing of rRNA genes and determined their homozygosity or heterozygosity at the mating-type-like locus (MTL). The isolates represented pairs or larger sets from individual sources, which allowed the determination of strain diversity within patients. A comparison of replicate sequence data determined a reproducibility threshold for regarding isolates as MLST indistinguishable. For 36 isolate sets, MLST and ABC typing showed indistinguishable or highly related strain types among isolates from different sites or from the same site at different times from each patient. This observation included 11 sets with at least one isolate from a blood culture and a nonsterile site from the same patient. For one patient, strain replacement was evidenced in the form of two sets of isolates from different hospital admissions where the strain types within each set were nearly identical but where the two sets differed both by MLST and ABC typing. MLST therefore confirms the existing view of C. albicans strain carriage. Microvariation, evidenced as small differences between MLST types, resulted in most instances from a loss of heterozygosity at one or more of the sequenced loci. Among isolate sets that showed major strain type differences, some isolates could be excluded as likely examples of handling errors during storage. However, for a minority of isolates, intermittent differences in ABC type for tightly clustered MLST types and intermittent appearances of MTL homozygosity lead us to propose that some C. albicans isolates, or all isolates under yet-to-be-determined conditions, maintain a high level of genetic diversity by mechanisms such as recombination, gene conversion, or chromosomal ploidy change.
Candida albicans is a normal commensal of the human gut microflora that can cause invasive superficial and disseminated infections in immunologically susceptible hosts (11) . A number of different technical approaches to typing C. albicans isolates have been developed since the early 1980s (78) . For C. albicans, as for all microbial pathogens, a reproducible and discriminatory strain typing system is of benefit for clinical and epidemiological studies to provide information on sources, carriage, and transmission of infection and on relations between strain types and properties such as virulence and antimicrobial resistance. In many publications, multiple C. albicans isolates from longitudinal surveys of patients or from surveillance cultures of different anatomical sites have been typed. Most work of this nature has confirmed a tendency towards the persistence of a unique strain in each human host, which was suggested even in the earliest studies based on phenotypic strain typing (45, 53) . Minor variations in genetically determined strain types in surveys of multiple C. albicans isolates from individual patients have been described as "microevolution" (33, 35, 37, 64, 65, 76, 78) or genotypic shuffling (37, 69) . (This is not the usual sense in which the term "microevolution" is used by population geneticists.) Evidence from strain typing work confirms the view of C. albicans as a species that reproduces predominantly in a clonal manner but with a tendency for occasional genetic variation that may arise by mechanisms such as recombination, gene replacement, or cryptic mating (22-24, 29, 30, 34, 38, 39, 42, 50, 66, 79, 80, 84, 98) .
Most longitudinal and/or multiple-site epidemiological work demonstrating strain maintenance in C. albicans has been done with superficial isolates, particularly with cultures from the oral cavities of human immunodeficiency virus (HIV)-infected patients (2, 3, 6, 19, 31, 48, 51, 61, 71, 72, 90, 96) , with vaginal isolates (1, 37, 49, 64, 65, 73, 76, 91) , with other sources of superficial isolates (4, 17, 74, 97) , or with superficial surveillance cultures from hospitalized patients (60, 81, 89) . Some surveys of oral isolates have shown the same strain persisting for months to years (4, 17) . Occasionally, authors have suggested that multiple strain types coexist in samples from some patients (27, 69, 83) , but such findings are in the minority and may reflect technical sensitivities and variabilities in the typing methodologies used in some cases. The epidemiology of disseminated C. albicans infection has been studied much less often than that of superficial sites, but the results of surveys based on karyotype electrophoretic patterns (62, 63, 93) , randomly amplified PCR fragments (92) , DNA fingerprinting with oligonucleotide probes (44, 67) , and multilocus enzyme electrophoresis (12) consistently indicate that isolates from blood are highly similar to, or indistinguishable from, isolates from superficial sites in the same patient.
The overall picture of C. albicans colonization and infection is therefore mainly of clonal reproduction of strains, infection by the spread of endogenous, colonizing strain types, but with sporadic changes at the level of sequences of individual DNA fragments, which we shall call microvariation rather than microevolution. Microvariation refers to small but detectable changes in DNA sequences among isolates obtained longitudinally or as separate clones from individual patients (35, 65) . Although the original reports of microvariation suggested that changes arose from the reorganization of repetitive DNA sequences in the genome, later work has consistently associated the loss of heterozygosity (LOH) as a common mechanism for microvariation changes (16, 21, 70, 85, 88) . LOH may result from chromosome deletion or loss, recombination, and/or gene conversion events. Conjugational mating and nuclear fusion without subsequent meiosis can occur between C. albicans cells (24, 34, 42) , and such mating is dependent on homozygous alleles, i.e., LOH, at the mating-type-like locus (MTL) on chromosome 5 (42, 79) . Multilocus sequence typing (MLST) is a highly discriminatory and portable approach to distinguishing strains within a microbial species (43) . DNA sequences from six or seven gene fragments are compared to establish levels of similarity between isolates and results, expressed with unique numbers for individual sequences (genotypes) and for diploid sequence types (DSTs), unique combinations of the seven genotypes in each isolate (43) . Several statistical procedures have been devised for the analysis of MLST data, including eBURST (20) , which compiles clusters of isolates that differ from each other at only one of the sequenced loci. MLST schemes are now available for several fungi, and the approach is well developed for the typing of C. albicans strains (7-9, 68, 84, 86) . The C. albicans data are stored on a central internet database (http: //test1.mlst.net/) to allow free access to investigators. Results from MLST are comparable with those obtained by DNA fingerprinting with the moderately repetitive sequence Ca3, since both typing approaches assign the same sets of isolates to the same clusters of highly related strains, with the exception of DNA fingerprinting clade E, which is split between two MLST clades (84) .
In the course of our ongoing work to determine DSTs by MLST for the analysis of C. albicans population structures (84), we have now typed sets of multiple isolates of the fungus from 44 different sources, including instances of superficial and blood isolates from the same patient, isolates that have been maintained and passaged through different culture collections, and isolates that have been experimentally exposed to fluconazole. We have determined the level of sequencing errors in replicate experiments to establish criteria for regarding isolates as indistinguishable. We have looked for evidence of microvariation changes and LOH in these isolates and in isolates recovered from experimental infections. In addition to MLST, we have typed the isolates for the presence or absence of an intron in the internal transcribed spacer 1 (ITS1) region of DNA sequences encoding rRNA (ABC typing) (46, 47) and for homozygosity or heterozygosity at the MTL (86) . These extra data augment the MLST results by providing extra typing information for each isolate. Our findings confirm the prevailing views of strain maintenance, predominant clonality, and occasional microvariation in C. albicans and that isolates from blood cultures match those from nonsterile sites in the same patient. We hypothesize that LOH may occur among some but not all cells in the population colonizing or infecting a patient so that heterozygosity remains established in a proportion of the population. Our data also raise some caveats concerning the maintenance and distribution of isolates within and between laboratories.
MATERIALS AND METHODS
C. albicans isolates. Details of the 165 isolates studied are shown in Table 1 . In our laboratory, all the isolates were stored on beads in 50% glycerol at Ϫ80°C. For experimental use, a bead was placed onto a plate of CHROMagar Candida medium (M-Tech Diagnostics, Warrington, United Kingdom) and incubated at 37°C for 48 h. All the isolates formed green colonies on this medium, verifying their prior identification as C. albicans.
The isolates came from 44 separate sources and are grouped in numbered sets according to source in Table 1 . Most of the isolates were pairs or triplet isolates from a human subject or, in one instance, an animal. The subjects included healthy volunteers, patients with symptomatic vaginitis, patients undergoing chemotherapy for hematological malignancy, and patients with proven candidemia. Many of the isolates came from previously published studies, as indicated in Table 1 . The oldest isolates in the panel were originally cultured in the 1970s. Many of the isolates have been maintained in the first author's collection of fungal strains, which was initiated in Leeds, United Kingdom, in 1973 and transported to Leicester, United Kingdom, and Beerse, Belgium, and which is now in Aberdeen, United Kingdom. With each move, all isolates in the collection were subcultured and restocked at least once (52, 57) . The histories of these isolates are indicated in Table 1 .
Some sets of isolates merit special comment. In set 1, isolate RV4688 was a strain used in experiments by J. Van Cutsem in Beerse, Belgium, that had become spontaneously avirulent (58) . It was originally isolated in Zaire by R. Vanbreuseghem. Records at the culture collection of the Scientific Institute of Public Health (SIPH) (formerly the Institute of Hygiene and Epidemiology) in Brussels, Belgium, show that isolate IHEM3742 was received in 1988, having passed from R. Vanbreuseghem to J. Van Cutsem to the American Type Culture Collection (as strain ATCC 28516). IHEM16346 is not listed in the public SIPH catalog but came directly from the original Zaire isolate from R. Vanbreuseghem, according to SIPH collection manager N. Nolard (personal communication). 81/005 was the number given to an isolate that was received by the first author from J. Van Cutsem in 1981. From their histories, these isolates should be indistinguishable by MLST. The isolates in set 15 share a similar complex history. An oral isolate from an AIDS patient in Leicester, United Kingdom, in 1988 was sent to J. Schmid at the University of Iowa and designated OD8826. A subculture of the isolate was taken by J. Schmid to Massey University in New Zealand, and the isolate was supplied from New Zealand for the present study. Two other oral isolates from the same patient in 1988 were removed to Beerse, Belgium, and were then added to the SIPH collection and were supplied as isolates IHEM20491 and IHEM20493 for the present study. The isolates in set 18, all originally from an AIDS patient in London, United Kingdom, had also been subcultured and relocated in different culture collections before inclusion in the present study. Set 23 comprises examples of isolates derived from T118 that had been passaged for a measured number of generations in the presence of fluconazole (14, 16) . For each isolate, the two digits after the letter "D" indicate the subclone number from T118, and the three final digits indicate the number of generations. Finally, set 44 comprises the isolates still available from a previous study in which examples of the widely used C. albicans strain 3153 were submitted from several laboratories for comparison by an earlier strain typing methodology (41) .
Strain typing. The isolates were tested by MLST as previously described (9, 84) . The ABC type (A, B, or C) and MTL types (a/␣, a/a, or ␣/␣) were determined by PCR as previously described (86) . Similarities between sequence data were analyzed in terms of p distance with MEGA version 2.1 (28) , and results with 500 bootstrap replications are depicted as a dendrogram by the unweightedpair group method with arithmetic averages (UPGMA). The analyses were based on concatenated data from all known polymorphic sites, duplicated to allow the discrimination of homozygous and heterozygous differences (84) . The sequences were also analyzed to determine clonal clusters by eBURST, version 2 (20) . Clusters were defined as groups of isolates with six of the seven genotype sequences being identical.
When one or more isolates within a set of isolates from a common source differed from the rest by MLST or ABC type, the sequencing chromatograms for (40) . These isolates were chosen to represent low (S09) and high (WC02-202294) levels of heterozygosity in the MLST data. The yeast cells were washed twice in sterile saline and resuspended in saline, and concentrations were adjusted by hemocytometer count results. For each isolate, a single female BALB/c mouse weighing 20 Ϯ 2 g was injected intravenously at a dose of 2 ϫ 10 5 yeast cells/g body weight, confirmed by subsequent viable counts. Three days after challenge, the mice were humanely terminated, the kidneys and brains were removed and homogenized in saline, and 10-fold dilutions were plated onto Sabouraud agar (Oxoid, Basingstoke, United Kingdom) for incubation at 35°C. From each organ culture, six 
RESULTS
Reproducibility of MLST data. Data were obtained from 17 isolates fully sequenced in duplicate. Sequence reproducibility was perfect for 10 duplicates. For the other seven isolates, differences were at the level of a homozygous versus a heterozygous result for a single nucleotide polymorphism (SNP) in five instances, two homozygous/heterozygous discrepancies at a single locus in one instance, and a base-for-base (homozygous) SNP difference in one instance. All but one of the errors therefore resulted from a misinterpretation of double peaks, an occasional difficulty to be expected with sequencing chromatograms from a diploid organism.
The eight replicate differences occurred in a total of 2,329 bases sequenced-an accuracy of 99.66%. Since a heterozygous/homozygous difference would be scored at half the value of a homozygous difference in the calculation of distances for UPGMA analyses, the sequencing accuracy could be expressed as nine error scores among 4,658 polymorphic sites sequenced (99.8% accuracy). In the context of this study, the worst inaccuracy seen, one homozygous change or two homozygous/heterozygous changes, would erroneously suggest nonidentity between strains with a score difference of 1 across all SNPs, which corresponds with a p-distance difference of 0.005 by UPGMA nucleotide distance analysis. We have used as a worst-case value that is four times this magnitude, i.e., a p-distance difference of 0.02, as a basis for describing isolates as "indistinguishable," although the sequence chromatograms for all isolates included in this study have been rescrutinized or the sequencing has been repeated to ensure that differences between isolates are genuine.
Similarities and differences between multiple isolates from single sources. The DSTs, ABC types, and MTL types of all the isolates studied are shown in Table 1 . Figure 1 shows the relationships between the isolates in the form of a UPGMA dendrogram based on MLST sequence data together with their isolate set numbers, ABC types, and eBURST clonal cluster assignments. In the majority of instances, isolates from the same source coclustered, often with the same DST or with very high levels of similarity by MLST (Fig. 1) . Isolates in 36 of the 44 sets (121 of 165 isolates) were considered indistinguishable within each set because they clustered in the MLST dendrogram within our chosen limiting p distance of 0.02, they had the same ABC type, and they fell within the same eBURST clonal cluster (when a set of isolates showed sufficient sequence variation to generate a clonal cluster). This list includes 11 isolate sets (sets 12, 14, 18, 27, 28, 31, 32, 34, 35, 36, and 40) in which samples came from the bloodstream and a nonsterile site in the same patient. It also includes sets 7 and 8, which came from a patient sampled on two separate admissions to the same hospital, 2 months apart. The set from each admission comprised isolates clustering at the level of indistinguishability, but the two sets were widely separated in the UPGMA dendrogram (Fig. 1) , unequivocally indicating strain replacement at all sites sampled for this patient.
For the sets of isolates that could not be designated indistinguishable by the above-described criteria, the interisolate differences were of various types. Isolates from set 32 clustered closely, but one isolate differed from the other two in more than one genotype, so it did not conform to a clonal cluster (Fig. 1) . The two isolates in sets 13 and 19 differed, with a p distance of Ͼ0.02, but were matched in ABC type (Fig. 1) . In both cases, we interpret these data to be consistent with microvariation occurring in the isolate sets, which raises the number of sets of isolates that were indistinguishable or very closely related to 40/44 (125/165 isolates).
IHEM16346 did not cocluster with other isolates in set 1 (Fig. 1) , but, like the rest of the set, it belonged to the least common ABC type, type C. The data therefore neither confirm nor rule out the possibility that IHEM16346 was the progenitor of the other isolates in set 1. Similarly, L527 did not cocluster with the other 11 isolates in set 6 (Fig. 1) , but its ABC type, type B, matched that of the other isolates. Once again, these data do not unequivocally rule in or out an association between L527 and the other isolates in set 6; our records show that, chronologically, L527 was the last isolate received from surveillance cultures of the patient concerned, and the sample was taken 5 days after the previous isolate, so strain alteration or strain replacement is a possible interpretation.
Set 18 presented the most unusual set of findings between isolates. The seven isolates in this set originated from samples taken at different times from the same HIV-infected patient but had histories of storage in different culture collections (Table 1) ; no detailed information on the isolates is available. Six of the isolates clustered very tightly on the basis of MLST data and formed a single eBURST clonal cluster (Fig. 1 ), but J932575 was substantially different from these six isolates. Six of the isolates, including J932575, were ABC type B, while J941383 was type A. ABC typing was repeated with these isolates to confirm the different assignments. A similar finding applied to the three isolates T63, T65, and T68, all of which came from the same patient (set 22). T63 and T65, with identical DSTs (Table 1) , were type B, but T68, which did not cocluster with the two other isolates, was type C. Set 44 consisted of 11 isolates that had been supplied as "strain 3153" from various laboratories. Three isolates were recently submitted, and the remaining isolates were part of a study published in 1991 (41) . Eight of the isolates (including the three recently obtained isolates) coclustered in the dendrogram (Fig. 1) . Five of these isolates belonged to eBURST clonal cluster 1. Isolate 90/206, the most distant in the dendrogram cluster, was type B, while the other isolates were type A. Of the remaining three isolates in set 44, each of which appeared in isolation in the dendrogram (Fig. 1) , two were type A and one was type B.
Twelve of the 165 isolates were homozygous at the MTL: nine ␣/␣ and three a/a isolates ( Table 1 ). The random occurrence of MTL homozygosity among heterozygous isolates in sets 9, 10, 12, 18, 21, and 24 indicates that this property is not a character of use in strain typing but is a possible indicator of microadaptive change. Both oral isolates in set 3, from a healthy female volunteer in the 1970s, and in set 19, from an AIDS patient in the 1990s, were MTL homozygous; therefore, the possibility that further isolates from these individuals may also have been homozygous at the MTL cannot be excluded.
Loss of heterozygosity associated with strain microvariation. Among the sets of multiple single-source isolates where MLST sequence diversity was most evident, differences were seen mainly as heterozygous/homozygous changes between isolates rather than as homozygous base exchanges. In set 32, isolate WC03-200970b, which differed most markedly from its three coisolates, had 15 eBURST analysis of MLST data generates "clonal clusters" of isolates in which each differs from another by a single genotype among the seven sequenced. For each clonal cluster, the eBURST software determines the founder DST as the one with the greatest number of other DSTs that can be linked in steps by single locus changes (single locus variants). In the present study, most eBURST clonal clusters comprised only two isolates, but clusters 1 and 2 ( Fig. 2) contained several isolates. The isolates in clonal cluster 2 (Fig. 2c) all came from a single patient. The isolates in cluster 1 (Fig. 2a) represented eight different isolate sets. The implication of clonal cluster data is of evolutionary patterns that normally show paths of isolate derivation from putative parental isolates. However, the pathways inferred from clonal cluster 1, if correct, indicate both gain and loss of heterozygosity as evolutionary mechanisms for C. albicans. For example, DST 254 in Fig. 2a differs from the putative founder DST 278 by the loss of all heterozygous SNPs at the MPIb locus. The step to DST 79 from DST 254, however, involves a gain of two heterozygous SNPs from the ACC1 locus that was fully homozygous in DST 254. Similarly, the path from DST 278 to DST 415 via DST 66 involves the gain of heterozygosity in MPIb in the final step, and the path from DST 278 to DST 37 via DST 151 requires a gain of heterozygosity in DST 37. An alternative explanation for the changes is shown in Fig. 2b , in which connecting lines between isolates from different sets have been removed so that isolates coming from a single patient or other source remain connected. The links within each set now show how the isolates could all have evolved within each patient by LOH from a different putative parent, without the clonal relationship implied by the eBURST analysis. The validity of disconnecting clonal cluster 1 in this way is emphasized by the sometimes considerable geographical distance between the isolate sources: sets 20 and 23 came from North America; sets 30, 31, and 35 came from came Australia; and sets 15 and 42 came from the United Kingdom. (Isolates in set 44 were laboratory strains.) Table 2 summarizes the nature of the sequence differences between all the sets of isolates that gave nonidentical sequencing results for one or two of the test loci. The table shows that homozygous SNP changes (indicated with the letter C in the table) accounted for only four of the 38 differences found; the remaining changes were all changes from heterozygosity to homozygosity at a polymorphic base position. The loss of a single heterozygous base position, indicated with the letter A in Table 2 , included those instances with only a single heterozygous base position in the entire genotype. When two or more heterozygosities were found in the sequence for one isolate See Fig. 2 a A, heterozygous/homozygous difference at one SNP; B, difference at all heterozygous SNPs; C, single homozygous SNP change.
FIG. 2.
Clonal clusters 1 (a) and 2 (c) generated by eBURST analysis of the MLST data. For each cluster, the putative founding isolate is shown as a hollow circle. Diameters of the circles are proportionate to the numbers of isolates with the DST indicated. With each DST, the gene locus and SNP difference from the putative predecessor isolate along the path from the founder isolate are specified. The lengths of the joining lines are arbitrary. b shows clonal cluster 1 with the joining lines removed to leave different isolate sets separate; set numbers are shown next to DSTs. Only sets 30 and 42 share a common DST.
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and all were homozygous in the other, this was regarded as complete LOH for the locus concerned and is indicated with the letter B in Table 2 . Thus, the 34 instances of putative LOH involved 21 instances in which single heterozygosities changed and 13 instances of complete LOH for a sequenced locus. MLST differences among isolates recovered from experimentally infected animals. Because the MLST result for isolate RV2LK from set 01, recovered from the left kidney of a mouse infected with RV4688 (set 01), showed a minor difference (two more heterozygous SNPs in the recovered isolate than in the originally typed isolate), we conducted a preliminary investigation into possible MLST variations in isolates recovered from infected tissues. Isolates S09 and WC02-202294 were first spread to single colonies on Sabouraud agar, and six clones on each plate were subjected to MLST. All six clones of S09 were indistinguishable by MLST, whereas three DSTs were found among the six clones of WC02-202294. These resulted from a heterozygous/homozygous difference at one SNP in ACC1 in two instances and a similar single-site difference in ADP1 in one instance. Cloned inocula of the two strains were each injected intravenously into two mice. After 3 days, the mice were sacrificed, and colonies of C. albicans were reisolated from homogenates of kidney and brain. In repeats of MLST for five or six colonies from each organ, no differences in the DST of each strain were found.
DISCUSSION
Our study used MLST, the most dependable system for C. albicans strain differentiation, with a discriminatory power of 0.9996 (84) , to investigate strain relationships in multiple isolates from single sources. None of the isolates included in this study happened to represent the most commonly encountered DST, type 69 (84), or a close relative. MLST has confirmed that sets of such isolates most often belong to a single or highly related strain type; 36 (82%) of 44 strain sets were very closely related by MLST data and had identical ABC types. MLST thus agrees with many other strain typing systems that have similarly shown the persistence of a single strain type per patient to be the most common situation. All 11 sets of isolates that included cultures from blood and nonsterile sites in the same patient fell within the 36 most closely related sets. These results clearly indicate that adult patients (none of the isolates tested came from pediatric sources) with bloodstream infections are usually infected with their own commensal isolates. This observation does not, of course, show whether the portal of endogenous infection was the patient's digestive tract or another route, such as an intravenous catheter. Results similar to ours were obtained in a recently published study from Taiwan in which both MLST and electrophoretic karyotypes of multiple isolates from nine patients in intensive care units showed high relatedness but were not always indistinguishable (13) . However, multiple oral isolates taken from three HIV-positive patients over several years showed evidence of strain replacement. Our own findings are supported in the case of isolates from set 21, which were previously found by Ca3 DNA fingerprinting to be highly similar but not indistinguishable (87) .
All but 2 of the 44 sets of isolates that we tested came from human sources. Among these were two sets of surveillance culture isolates (sets 7 and 8) from a patient who was admitted twice to the same hospital in March and May of 1985. While each of these individual sets of isolates clustered within this study's bounds of indistinguishability, the two sets were sufficiently different, including a change of ABC type, to provide unequivocal evidence of strain replacement between the patient's hospital admissions. No other similar, unambiguous examples of strain replacement were found. It is possible that isolate L527 (set 1) might also represent strain replacement, but the level of dissimilarity of this isolate from the rest of the set may have resulted from mishandling errors in the course of many years of maintenance. A third possibility is that the patient carried two strain types and that the less populous one was the randomly picked colony from the isolation plate only for the L527 sample.
One finding from this study concerns the storage and transmission of isolates between collections. The earliest isolates of certain date in our 44 sets were a pair of successive vaginal isolates first cultured in Leeds, United Kingdom, in 1973. Over 30 years of storage, the with removal and occasional reculture from the first author's collection in Leicester, United Kingdom, Beerse, Belgium, and now Aberdeen, United Kingdom, these isolates differed by only a single polymorphism: a change from A to G in the ADP1 sequence. Twelve other isolate sets dating from the late 1970s to the late 1980s had also been transferred between several locations and in some instances had been returned after storage in other collections. All of these isolate sets coclustered to high levels of similarity by MLST and ABC type, suggesting that their storage and maintenance had been adequate for long periods of time. By contrast, several of the isolates that had originally been received into the Leicester, United Kingdom, collection from other laboratories under the label 3153 (set 44 in the present study) were obviously subjected to handling errors at some stage in their history. In the original interlaboratory studies of these isolates (32, 41) , restriction fragment length polymorphism and multilocus enzyme electrophoresis data already suggested that several of them differed from the pattern of the majority of the isolates. The MLST results now show that at least three of the isolates cannot be regarded as authentic examples of strain NCPF3153. The data for the most recently received examples of NCPF3153 define the strain as DST 369 and ABC type A. Isolate 90/189, which we received as the "authentic" strain 3153 in the 1980s, differed from this DST in two genotypes but was still type A and remained closely clustered with six other examples of "strain 3153" by MLST (Fig. 1) .
The differences between the coclustered NCPF3153 isolates in Fig. 1 are of the same order of magnitude as those we interpret as microvariation in other isolate sets. The nature of these changes most often involves the loss of one or all heterozygous SNPs from one or two of the sequenced genes (Table 2). LOH as a general mechanism for microvariation changes has been previously described (16, 21, 70, 85, 88) . However, the precise mechanism underlying LOH events is unknown. The list of possible mechanisms includes recombination and gene conversion. The possibility of chromosome ploidy changes must now be added to this list, since aneuploidy, including segmental aneuploidy of subchromosomal regions, has now been elegantly demonstrated in C. albicans (77) . The loss of all or part of a chromosome followed by redupli-VOL. 44, 2006 C. ALBICANS MICROVARIATION 3655 cation has been invoked as a mechanism underlying a range of phenotypic properties in the fungus, including sorbose utilization and fluoroorotic acid resistance (26, 94) and the generation of MTL-homozygous variants (98) . If spontaneous partial ploidy changes occur as frequently in clinical isolates as was shown for the laboratory strain CAI-4 (77), the high frequency of heterozygosity changes seen among the isolates that we sequenced may not be surprising. This comment is further supported by the occasional appearance of isolates homozygous at the MTL in a temporal series of isolates that were otherwise MTL heterozygous. Wu et al. previously studied distantly located heterozygous markers on chromosome 5 on both sides of the MTL and found that whole-chromosome loss and replacement accounted for spontaneous conversion to MTL homozygosity in 15/16 isolates studied, with a recombinational event in only one isolate (98) . We speculate that a complete or partial chromosome loss and reduplication, combined with occasional genetic exchange through recombination and inefficient DNA repair, account for the apparent genetic plasticity of C. albicans evidenced in our data, including apparent diploid homozygous base switches, which would be inexplicable by chance mutation. Future investigations of karyotypes and of sequences neighboring and distant from the MLST genes on the same chromosome will provide evidence for recombination, gene conversion, or aneuploidy in strain sets showing LOH and single-base homozygous changes.
Of particular note in our study are the few examples among our isolates of strains that were very closely related by MLST but that differed in ABC type (notably in sets 18 and 44). ABC type, based on the presence of one or both ITS1 sequences in rRNA genes, is usually a very stable epidemiological marker in C. albicans isolates and is sufficient information to demonstrate geographical and temporal differences among C. albicans isolates (46) . It has been suggested that type C, the least common ABC type, may represent an intermediate form that is gaining or losing the type A or B ITS1 sequence (25) . On this basis, and in view of our finding of two examples where types A and B were represented among types similar by MLST, we regard ABC typing as a very helpful confirmatory test in instances where isolates differ by more than one or two SNPs in MLST, but it should not be regarded as a definitive test for isolate relatedness in all instances. The rRNA genes in C. albicans are located on chromosome R; among the MLST genes, only ACC1 is located on this chromosome.
eBURST analysis of MLST data provides a useful basis for tracing putative evolutionary patterns among microbial isolates. However, in the present study, this analytical approach may have suggested invalid relationships between strains. The major clonal cluster found among our isolates (Fig. 2) suggests that there is a set of evolutionary paths between isolates that requires successive gains and losses of heterozygosity at one of the sequenced loci to be sustainable. Clonal cluster 1 is therefore unlikely to represent a true clonal relationship between these isolates of widely disparate geographical origins. One obvious mechanism for the gain of heterozygosity would be mating, but it remains uncertain to what extent mating between C. albicans isolates occurs naturally (5) . If mating is the basis for the regaining of allelic heterozygosity, then the mating process would need to involve strains with dissimilar alleles; in other words, the C. albicans cells colonizing or infecting a site within a patient would need to include homozygous strains of the opposite MTL type and with different MLST DSTs. This situation appears to be quite different from the high tendency toward clonal reproduction evidenced by most isolate sets in this study as well as those described previously in other publications (66, 85) . The disadvantage of the eBURST approach and other statistical methods that examine only genotype and DST assignations is that they do not distinguish whether isolates differ in sequence at a locus by a single SNP or by multiple SNPs. Hence, its value becomes limited with an organism such as C. albicans, which regularly undergoes "mutations" at multiple nucleotides within a single locus.
One hypothesis that would accommodate the otherwise conflicting evidence suggesting both clonal strain maintenance and temporal gain and loss of heterozygosities and even ABC types would be that C. albicans populations commonly exist in a state of high genetic plasticity. The phenomenon of hypermutable ("mutator") strains is well recognized among some species of bacteria, particularly gram-negative bacilli (18, 59, 82) . Hypermutability is associated with the appearance of multiple colony forms and other phenotypic variations, and it is possible that similarly variable strains exist among pathogenic Candida species. Almost all the isolates that we have studied began as single clones picked from primary isolation plates in clinical laboratories. When successive isolates from the same site in the same patient are found to be sometimes MTL homozygous and sometimes MTL heterozygous (sets 18 and 21), the most reasonable explanation is not that the clones picked randomly from a given isolation plate represent all colonies from that sample but rather that the sample contained a mixture of types. The possibility that C. albicans colonies on isolation plates often differ has been suggested by the minority of colonies that are able to undergo a white-opaque transition (36) , by minor intercolony differences in DNA fingerprint patterns (the original finding characterized as "microevolution") (35) , and by colony-to-colony differences in azole antifungal susceptibility (75) . In the present study, three DSTs were found among the six clones of WC02-202294 (from set 29) randomly sampled from a spread plate. If either some strains at all times or all strains in certain environments undergo recombination, gene replacement, or partial ploidy changes at elevated frequencies, the resulting mixture of strain types in the population isolated would explain the occasional superficially aberrant result in the present study. Our pilot experiment to demonstrate this phenomenon by resampling infected tissues infected with cloned C. albicans isolates failed to confirm the hypothesis; however, we plan to investigate a broader range of isolates in vivo to assess the reality, or otherwise, of strain diversity as a natural process for C. albicans. We are also investigating natural genetic diversity between colonies on primary isolation plates.
